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Abstract

advective heat transfer due to crustal movement or ground
water flow (Shi et al., 1987). However, as long as the
motion stops, it will return to normal geothermal gradient
under the heating of terrestrial heat flow. There must be a
sustainable mechanism to remove the heat from underneath
and ensure the maintenance of the ice cave.
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Ningwu Ice Cave in Shanxi province, China, is the largest
Ice cave in China. We use Finite Element Method（FEM)
to model the process of heat transfer in the ice cave.
We not only calculate thermal conduction in spring,
summer and fall, but also calculate the convective heat
transfer in winter by introducing an equivalent thermal
conductivity of cave air. Our computation shows that
the ice cave can be formed within a decade, and reach
a stable cyclic state in few centuries. Our calculation
also shows that if people set a trap door at the ice cave
entrance, especially in winter, the cave ice then cannot
be convectively cooled down in winter and will melt
within less than 40 years. This is probably happening in
some scenic ice caves in China.

Introduction

Ningwu Ice Cave (38º57’ N and 112°10’ E, elevation
2121m) is located in the shady slope of Guancen
Mountain in Ningwu County, Shanxi Province, China
(Shao et al., 2007). The cave is bowling-like, with only
one opening upwards, therefore, a typical static cave
(Luetscher and Jeannin, 2004). It extends downward
from the ground to a depth of about 85m. The widest
part is in the middle with a width of 20m. Above the
depth of 40m, there are only layered ices, and there are
lots of ice bodies along the wall below the 40m (Fig. 1).
The outside of the ice cave keeps a temperate climate.
The annual average temperature is 2.3°C (Meng et al.,
2006). The external mean annual temperature is 2.3°C
(Meng et al., 2006), without any ice preservation on the
mountain area.
Some Chinese researchers suggest a “cold source”
beneath the cave may explain the existence of the ice
cave (Chen, 2003). Temperature usually increases
with depth at a geothermal gradient about 1-3°C/100m
or so (Hu et al., 2001), and there have been persistent
heat flows from the deep crust to the surface. Even if
there was a cold region somehow formed, it will be
heated up under the effect of geothermal flux. Reversal
of geotherms can occur only in cases of existence of

The main reason for formation of ice caves is due to air
convection in winter to cool down the cave. In spring,
summer and fall, heavy cold air sinks in the cave, and
no natural thermal convections occurs. Conduction is the
main form for heat transfer. Thermal conductivities of
either rock or air are quite low and the conductive heat
transfer is very inefficient, therefore, the temperature
rise in the ice cave in the three seasons is quite limited.
In winter, although the temperature inside the ice cave is
low, the outside air temperature is even lower. The air in
the ice cave is lighter than the air outside the entrance.
It could become gravitationally unstable, and thermal
convection could occur. External very cold air flows
into the cave to cool it down, removes the heat from the
cave and reduces cave temperature below 0°C. Since the
convective heat transfer is much more efficient than the
conduction heat transfer, the heat transferred out of the
cave in the a few winter months is comparable to the heat
transferred into the cave year around.
We intend to apply numerical simulation tools to explore
the formation and preservation of a special static cave
of Ningwu Ice Cave. FEM (Finite Element Method) is
used to calculate heat transfer process due to thermal
conduction and air convection in order to quantitatively
interpreting the formation and preservation mechanism
of ice bodies in Ningwu Ice Cave. The results will be
instructive to scientifically manage the usage of natural
tourism resources.

Principle of numerical modeling

For numerical modeling, the basic equation of heat
transfer is given as:

cρ (

∂T
+ u ∇T ) =k ∇ 2T
∂t
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Where c is the specific heat, ρ is density, T is temperature, t
is time, k is thermal conductivity, u is the velocity of air flow.
The difficulty in the problem is that the air convection may
be turbulent and the velocities are not known. Therefore, the
convective heat transfer term cannot be directly calculated.
However, it is well known that in natural convection case,
the overall heat transfer due to convection will be Nu times
greater than the purely conduction case. Nu is the Nusselt
number, and can be determined from experiments and/or
numerical calculations. An equivalent thermal conductivity
of air (Nu times greater than the true conductivity) can be
introduced in the thermal conduction equation to calculate
the effective heat transfer due to convection in the winter
(Schmeling & Marquart, 2014).
Ningwu ice cave can be approximated by an up-right
circular tube. For such up-right circular tube, Nu can be
calculated as:

=
Num C (Gr ⋅ Pr ) nm

(2)

Num is the Nusselt number, the subscript m represents for
the arithmetic mean temperature of the boundary layer;
Gr is the Grashof number, Pr is the Prandtl number; both
can be calculated from material properties (Table 1) and
specific cave geometric shapes. C and n are constants.
After a series of calculations, for Ningwu ice cave:

Nu = 11000(0.0740∆T )1/3

Figure 1. (A). Cross section of Ningwu Ice

Cave a. Air, b. Massive ice body c. Horizontal
layered ice body d. Surrounding rocks
(limestone) e. Entrance of ice cave f. Fracture
of surrounding rock g. (from Meng et al.,
2006); (B)(C)Picture of the inside of the ice
cave.
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The annual average temperature outside Ningwu ice
cave is about 2.3°C (Meng et al., 2006) and the average
daily temperature (from 1957 to 2008) is obtained
from Wuzhai meteorological station, which is the
station closest to the ice cave. By making an elevation
correction, we then obtain the annual temperature
variation outside the ice cave (Fig. 2) which is assigned
as the upper surface boundary condition. The mean value
of geothermal gradient in the area is 2.0°C/100m (Li,
1996). Based the thermal gradient, temperature boundary
conditions are assigned to the both sides of the model.
Heat flow boundary condition is assigned for the bottom
boundary. The terrestrial heat flow value is the product
of geothermal gradient times the thermal conductivity of
the limestone wall rock. The initial condition is assumed
to be the normal thermal gradient. The calculation, then,
simulates the formation process of the ice cave.
In the finite element computation, in every time step
(1 day in our calculation), it is judged from difference
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Table 1. Material properties.
Material

Heat
Conductivity
(W/m.K)

Density
(Kg/m3)

Specific
Heat
(kJ/kg.K)

Limestone

2.7

2500

0.84

Ice

2.23

916.5

2.05

Mixture

2.465

1708.25

1.445

Air

0.0243

1.293

1.005

Water

0.58

1000

4.2

between the bottom temperature of the cave and air
temperature outside the cave whether convection would
occur or not. If no convection occurs, the true thermal
conductivity of air will be used. If convection should
occur, the equivalent thermal conductivity will be used
for the cave air.

Figure 3. Variation of temperature at bottom
of the cave during the formation process of
the ice cave.

Results of computation

Figure 3 shows the evolution of temperature at the bottom
of the ice cave from a normal geothermal gradient. It
can be regarded as the process of formation of ice cave.
Internal temperature of the cave drops rapidly in the first
decade, then its drop slows down gradually and, at last,
it tends to become stable cyclic. The permanent ice (cave
temperature below 0°C year round) can be formed only
after 5 years.
Figure 4 shows the cave temperature annual
fluctuations when the process has lasted a time of two
centuries, long enough to be evolved to a stable cyclic
state. The amplitude of temperature variation is about

Figure 2. Averaged daily temperature (19572008) outside the Ice Cave.

Figure 4. Cave temperature at stabilized

stage.

1°C (from -3.9°C to -2.9°C). Ningwu ice cave has
been open to tourists. Therefore, the cave temperature
has been disturbed. By our actual measurement on
June 5, 2012, the lowest internal temperature of ice
cave was -1.5°C. And through the record in literature,
the actual measured internal temperature of ice cave
goes between -1.0°C (Meng et al., 2006), -4°C and
-6°C (Gao et al., 2005). The difference of actual
measured results may be caused by difference in
measuring method and differences in measuring time
and position. The cave temperature presents annually
periodic variation. It increases in spring, summer and
fall and rapidly decreases in winter because efficiency
of heat conduction in spring, summer and fall is much
more ineffective than convective heat transfer in
winter.
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Figure 5 shows the spatial temperature distribution
around ice cave in summer. It is apparent that even in
summer, a significant part of the cave and its surrounding
rocks are under 0°C.
The ice body in the ice cave will melt if there is no
air convective heat transfer in winter, such as to build
a seal door at the entrance to prevent air flowing into
the cave. The temperature variation is shown in Figure
6. It takes about 20 years to start the melting of ice at
the bottom of cave, but requires 37 years to thaw the
ice body completely. Because the melting of ice absorbs
significant amount of latent heat (334kJ/kg), the heat to
melt 1kg ice is sufficient to raise the temperature of 1kg
limestone by 397.6°C.

Discussion and Conclusion

There is no dating of age of neither the cave nor the ice
in the cave. The age of the cave and the age of the ice

Figure 5. Temperature Distribution around Ice
Cave in Summer.

body are different. Formation of the cave cavity could
be old and in a warmer climate. The formation of the ice
body in cave is in a process much later when the saccate
cave was formed and the climate became cold enough.
Actually, in the present climate, our numerical modeling
suggested that the year-round ice body can be formed
within a decade.
If a trap door is set at the cave entrance, as some other park
in China has done for “protection” of the ice cave at night
during tour season and the entire winter when the cave is
closed to tourist, it actually blocks the air convection in
winter; therefore, cold air cannot bring out the heat in the
cave and accumulation of heat flow from the surface and
from deep crust will finally lead to the melting of ice body
in the cave. Our computation shows that it only takes less
than 40 years to completely melt the whole ice body in the
cave. It suggests that scientific management is important for
sustainable usage of natural tourism resources. Otherwise, a
good intention, such as to install a trap door to completely
seal the entrance for protection, will actually destroy the
natural wonder in several decades.
In summary, our finite element computation shows
numerical simulation reveals more clearly the
mechanism of formation and preservation of Ningwu ice
cave. It is shown that the controlling factor for formation
and sustainment of ice body in the cave are air natural
convection in winter. Under current temperature and
geothermal gradient at Ningwu area, starting from a
normal geothermal temperature, winter air convection
can cool down the cave beneath frozen point within a
decade. The cave temperature will decrease gradually to
a stable cyclic state. Under the stable cyclic state, the
amplitude of annual temperature variation in the ice
cave is within 1°C. If the air convective heat transfer
is stopped, all ice body in the cave will be completely
melted within about 40 years. These analyses are
important for sustainable management of the ice cave as
a tourism resource.
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Figure 6. Temperature variations in the cave if a

trap door is installed at the entrance of Ningwu ice
cave to prevent air convection in the winter.
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